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Work of LipidsA clever genetic trick allows the lipid composition of the plasma membrane to
bemanipulated using light, paving the way for new investigations into themany
membrane interactions that dictate cell shape, movement and communication.Gerald R.V. Hammond
Many of the crucial cellular functions
occurring at the plasma membrane rely
on a small family of phosphorylated
lipids, the phosphoinositides. These
molecules direct the interactions and
activities of a multitude of proteins
at the membrane, impacting on many
aspects of cellular physiology, from cell
division to secretion. Recently, novel
‘optogenetic’ tools have been
developed allowing manipulation of
these lipids in living cells that is rapid,
reversible and spatially restricted [1],
facilitating investigations into the lipids’
function with unprecedented temporal
and spatial resolution. Indeed, the
authors provide some fascinating new
insights into the speed with which the
lipids can modulate the underlying
cytoskeleton.
As the ultimate cellular frontier,
the plasma membrane regulates the
passage of ions and small molecules,
dispatches and receives the vesicular
carriers that import and export cargo,
and bristles with receptors that relay
signals from the environment or the
rest of the organism. Crucial to all of
these functions are proteins; someembedded within the membrane,
such as the channels that carry
potassium ions, while others are
recruited to the membrane bilayer’s
inner leaflet, like the adaptor proteins
that grab laden cargo receptors,
sculpting the surrounding membrane
into endocytic vesicles. Many of these
proteins require interactions with
phosphoinositide lipids, which either
activate embedded membrane
proteins (like ion channels), or act as
an anchor for the recruitment of soluble
proteins to the membrane surface
(such as endocytic proteins).
Historically, evidence for the
participation of phosphoinositides
in biological function came from
biochemical and pharmacological
studies of the lipids’ metabolism,
in vitro studies of protein–lipid
interactions, and genetic studies of the
kinases and phosphatases that make
and degrade them. However, these
studies are limited in their capacity
to answer crucial questions about
the kinetics and specificity of the
functional interactions as they occur
in living cells. The development of
fluorescent biosensors permitted
real-time readouts of phosphoinositidedynamics, but experimental
manipulation still required either
non-specific pharmacological
manipulations, or else chronic genetic
manipulations such as over-expression
or knock-down of an enzyme.
In the last decade, real-time
manipulation of phosphoinositide
function has become a reality using
‘chemical genetics’ — themanipulation
of protein function using small,
cell permeable drugs. Specifically,
several groups independently
devised a similar technique,
which relies on the drug-induced
heterodimerization of two proteins
[2–5]. One of these proteins is fused
to a membrane-targeting motif, often
a small plasma membrane-bound
peptide. The other is fused to a
phosphoinositide-modifying enzyme,
stripped of its regulatory domains so
that the catalytic core is adrift in the
cytoplasm, away from its substrate.
On addition of the dimerizing drug, the
two proteins dimerize and the enzyme
is recruited to its target membrane
(Figure 1A). This can lead within
seconds to degradation of the
phosphoinositide target, such as the
dually phosphorylated lipid PIP2 after
recruitment of a phosphatase activity.
The system can also be used to elevate
lipid concentration, for example by
recruitment of a PI 3-kinase that
converts PIP2 to tris-phosphorylated
PIP3. When coupled to a real-time
readout of cellular function, the role
of the lipid can thus be interrogated
in vivo. Such studies have already
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Figure 1. Acute manipulation of phosphoino-
sitide lipids through recruitment of enzymes
to the membrane.
(A) The phosphoinositide-modifying enzyme
is stripped of membrane anchoring domains
and genetically fused to the FKBP protein.
This construct is co-expressed in cells with
the FRBprotein,which is fused to amembrane
targeting protein or peptide. Upon addition of
the cell permeable compound rapamycin, the
FRB and FKBP domains dimerize, leading to
recruitment of the enzyme to the membrane
where it acts on the lipids. Recruitment occurs
throughout the membrane (lower panel). In
the new optogenetic system (B) the enzyme
is instead fused to cryptochrome CRY2,
which undergoes a conformational shift
upon exposure to blue light, causing it to
bind to the membrane-bound CIBN domain.
Localized application of laser light can
therefore lead to localized recruitment of the
protein (lower panels).
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R870demonstrated the crucial roles of
PIP2 in ion channel activity [5],
clathrin-mediated endocytosis and the
recruitment of F-actin nucleating
complexes [2,6], to name but a few
examples.
Although a revolutionary advance,
these methods still carry some
drawbacks. Firstly, the induced
interaction is high affinity, so
dimerization is essentially irreversible
over the time-course of an experiment.
Secondly, because the targeting motif
is found throughout its host membrane,
recruitment of the enzyme occurs over
the entire membrane compartment.
This makes it difficult to investigate
localized roles for phosphoinositides
in membranes, such as at the cleavage
furrow during cytokinesis or at the
leading edge of motile cells [7].This is where the new ‘optogenetic’
technology comes in [8]. Relying on
the same principle of induced
dimerization as for the chemical
genetic systems described above, this
method instead uses a light-sensitive
CRY2 cryptochrome domain.
Upon irradiation with blue light,
CRY2 undergoes a conformational
shift, allowing binding to the
membrane-targeted CIBN domain
(Figure 1B). The interaction occurs
faster than chemical-induced
dimerization — the blue light traverses
the medium and plasma membrane
somewhat faster than a chemical
activator diffuses! — but crucially,
using common laser-scanning
confocal and ‘TIRF’ microscopes,
the blue light can be easily targeted
to micron scale regions of the cell.
The light-activated CRY2 domain is
therefore only recruited to the proximal
membrane that it first encounters by
diffusion.
Phosphoinositide–protein
interactions typically occur over
a timescale of seconds, and the lipids
themselves take minutes to diffuse
through the membrane from one end
of the cell to the other, meaning
phosphoinositide pools often act over
micron-scale distances [9,10]. Because
the light-induced interaction between
CRY2 and CIBN occurs in seconds and
reverses over a timescale of minutes,
the system works over a comparable
scale to the lipids. This has allowed
the authors to perform real-time
manipulation of lipid function in
a polarized fashion for the first time [1].
Idevall-Hagren et al. [1] began
by recruiting a PIP2-degrading
phosphatase to the entire plasma
membrane, showing that it worked
as effectively — indeed, faster — than
chemically-induced recruitment of
the enzyme, both in terms of stripping
themembrane of PIP2 binding proteins,
and of blocking potassium channel
activity. However, several surprising
findings were made when enzymes
were recruited to confined regions of
the plasma membrane. Local
degradation of PIP2 often led to local
retraction of the membrane, as might
be expected due to localized
detachment of the underlying F-actin
cytoskeleton [11]. But the authors
also made two very unexpected
observations. Firstly, in ‘spared’
regions of the membrane not subject
to enzyme-induced PIP2 depletion,
membrane ruffling was seen tooccur, as if the F-actin modulators
liberated from the site of PIP2
degradation were now acting in these
spared regions. Secondly, when the
dimerization-inducing blue light was
shut off, and PIP2 levels began to
recover, the affected membrane
regions often ruffled and spread, as if
new F-actin polymerization was being
stimulated. Similarly, when PIP3
synthesis was induced locally in the
plasma membrane, as well as
stimulating membrane ruffling due to
F-actin polymerization where the
synthesis was occurring, ruffling was
actually inhibited in other regions.
Indeed, these phenomena could be
reversed simply by redirecting the blue
light to different regions of the cell.
Such novel observations demonstrate
that changes in phosphoinositide
concentrations can have direct and
immediate effects on the underlying
F-actin cytoskeleton, with profound
implications for the regulation of cell
shape and motility.
These tantalizing observations will
no doubt spur many new studies and
insights into the regulation of cell
physiology by phosphoinositides.
Other technical advances are still
required, particularly in terms of more
potent and specific pharmacological
inhibitors of the lipid-modifying
enzymes; these will be both valuable
experimental tools, as well as potential
therapies for the many diseases
associated with phosphoinositide
malfunction. Nevertheless, the utility
of these new optogenetic tools
provides the exciting opportunity to
explore the roles of these lipids in
polarized cellular activities, both in
isolated cells and perhaps whole
organisms.References
1. Idevall-Hagren, O., Dickson, E.J., Hille, B.,
Toomre, D.K., and de Camilli, P. (2012).
Optogenetic control of phosphoinositide
metabolism. Proc. Natl. Acad Sci. USA 109,
E2316–E2323.
2. Va´rnai, P., Thyagarajan, B., Rohacs, T., and
Balla, T. (2006). Rapidly inducible changes in
phosphatidylinositol 4,5-bisphosphate levels
influence multiple regulatory functions of the
lipid in intact living cells. J. Cell Biol. 175,
377–382.
3. Fili, N., Calleja, V., Woscholski, R., Parker, P.J.,
and Larijani, B. (2006). Compartmental signal
modulation: Endosomal phosphatidylinositol
3-phosphate controls endosome morphology
and selective cargo sorting. Proc. Natl. Acad.
Sci. USA 103, 15473–15478.
4. Heo, W.D., Inoue, T., Park, W.S., Kim, M.L.,
Park, B.O., Wandless, T.J., and Meyer, T.
(2006). PI(3,4,5)P3 and PI(4,5)P2 lipids
target proteins with polybasic clusters to
the plasma membrane. Science 314,
1458–1461.
Dispatch
R8715. Suh, B.-C., Inoue, T., Meyer, T., and Hille, B.
(2006). Rapid chemically induced changes of
PtdIns(4,5)P2 gate KCNQ ion channels. Science
314, 1454–1457.
6. Zoncu, R., Perera, R.M., Sebastian, R.,
Nakatsu, F., Chen, H., Balla, T., Ayala, G.,
Toomre, D., and De Camilli, P.V. (2007).
Loss of endocytic clathrin-coated pits upon
acute depletion of phosphatidylinositol
4,5-bisphosphate. Proc. Natl. Acad. Sci. USA
104, 3793–3798.
7. Saarikangas, J., Zhao, H., and Lappalainen, P.
(2010). Regulation of the actin cytoskeleton-
plasma membrane interplay by
phosphoinositides. Physiol. Rev. 90, 259.
8. Kennedy, M.J., Hughes, R.M., Peteya, L.A.,
Schwartz, J.W., Ehlers, M.D., and Tucker, C.L.(2010). Rapid blue-light-mediated induction of
protein interactions in living cells. Nat. Methods
7, 973–975.
9. Hammond, G.R.V., Sim, Y., Lagnado, L., and
Irvine, R.F. (2009). Reversible binding and
rapid diffusion of proteins in complex with
inositol lipids serves to coordinate free
movement with spatial information. J. Cell Biol.
184, 297–308.
10. Teruel, M.N., and Meyer, T. (2000).
Translocation and reversible localization of
signaling proteins: a dynamic future for signal
transduction. Cell 103, 181–184.
11. Raucher, D., Stauffer, T., Chen, W., Shen, K.,
Guo, S., York, J.D., Sheetz, M.P., and Meyer, T.
(2000). Phosphatidylinositol 4,5-bisphosphate
functions as a second messenger thatregulates cytoskeleton-plasma membrane
adhesion. Cell 100, 221–228.Section on Molecular Signal Transduction,
Program for Developmental Neuroscience,
The Eunice Kennedy Shriver National
Institute of Child Health and Human
Development, National Institutes of Health,
Bethesda, MD 20892, USA.
E-mail: gerald.hammond@nih.govhttp://dx.doi.org/10.1016/j.cub.2012.09.005Visual Optics: Accommodation
in a SplashGannets are large seabirds that hunt fish from the air, making a plunge dive
followed by active swimming pursuit of prey. A recent study shows that they
convert from aerial to aquatic vision nearly instantly.Thomas W. Cronin
One of the great sights in nature is
a flock of wheeling gannets over the
ocean hunting fish. These impressive
birds, with wingspans approaching two
meters, fold their wings as they sight
their prey and plummet into the sea
from heights of 10 or more meters like
avian cruise missiles. The momentum
gained from the plunge takes them well
below the sea’s surface, whereupon
they turn to active swimming pursuit of
the fish if the initial attack fails.
Plunge-diving demands a suite of
adaptations to direct the plunge,
tolerate the impact, and transition from
seeing and moving in air to subaquatic
visual pursuit.
Many birds specialize in catching
fish. Herons make a stealthy approach,
wading in shallow water, sighting prey,
and snatching it with a quick dart of the
head and bill. Ospreys soar over bodies
of water in search of food, and stoop to
enter the water feet-first to grab their
intended victims. Birds that hunt like
these are not thought to have any
special adaptations for underwater
vision. Prey is detected and located
from the air and the ambush attack
gives no time for a change of plans
once contact with the water is made.
They just need to correct for image
displacement of the target produced by
refraction at the water’s surface.
Other species of birds, like grebes,
loons (divers), cormorants, andpenguins are strictly submarine visual
predators. Some float at the surface
with their heads submerged, vigilant for
passing prey which they then pursue
underwater, powered by their feet.
Penguins, on the other hand, perform
the entire search, chase, and capture
sequence on dives that can (in some
species) exceed 200 meters in depth
and nearly half an hour in duration. Their
wingsaremodifiedashydrofoils, so that
they literally fly throughwater. Auks and
puffins, too, fly underwater after prey,
although unlike penguins, their stubby
wings also enable a buzzy sort of flight
between the nest and their foraging
grounds. All these hunters obviously
require good underwater vision.
The final group of predatory seabirds
use the mobility and search coverage
provided by flight to locate prey, and
then enter the water to catch it.
Shearwaters and albatrosses are
outstanding fliers, but surprisingly
they are also reasonably accomplished
divers that pursue prey underwater
[1]. Most dramatic, however, are
plunge-divers like the gannets, terns,
and brown pelicans, which use
momentum gained from the
high-speed dive to carry them to the
depth of their prey. Terns, kingfishers,
and brown pelicans are committed
to impacting or netting a selected
victim, much like the spearing behavior
of a heron, and may not require
specialized adaptations for underwater
vision. But the gannets and boobiesalmost immediately undergo
a transition to underwater pursuit,
propelled by their wings to chase
down fish that are missed if the
momentum-driven submergence fails
to connect. A team of ornithologists
and vision scientists working with
a New Zealand colony of Australasian
gannets (Figure 1) has now found that
these animals are capable of switching
from well-focussed aerial to aquatic
vision in less than 0.1 second— literally
in the blink of an eye [2]. To understand
how such a feat might be possible, we
need to consider the special demands
of amphibious vision.
Amphibious Eyes
Aquatic vision is no great challenge.
After all, the first chordates to evolve
lens eyes were already able to see in
water. But every human, on first
submerging his or her head in water,
finds that it is impossible to see
anything clearly. The problem for us,
and all terrestrial vertebrates, is that the
major refractive element in our eyes is
the cornea, the eye’s clear, anterior
surface. Because the cornea has
a spherical shape and separates media
of two quite different refractive indices,
air (refractive indexw 1.0) and aqueous
humour (refractive indexw 1.33),
it acts as a strong converging lens.
Consequently, the cornea doesmost of
the refraction required to form a sharp
retinal image. Only about a quarter of
the work is taken up by the lens itself,
which also performs the fine and
adjustable focusing, the process called
accommodation. When the eye is
submerged, the corneal refractive
power is lost, as the refractive index of
water, whether seawater or fresh, is
very similar to that of the biological
fluids filling the eye. The power of
the lens is completely inadequate to
